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Abstract
It is argued that in storage rings hydrogen-like ions can be polarized due to their large magnetic moment and the existence
of hyperfine ground-state levels. While spontaneous spin-flip transitions between the Zeeman sublevels in magnetic fields of
the order of a few T lead to unacceptable building-up times of the polarization, this time is drastically reduced by radiative
transitions between selectively laser-excited sublevels of different hyperfine states. Model calculations for 15163Eu with nuclear
spin 5/2 show that under realistic experimental conditions the electron and the nucleus will be polarized close to 100% within
several minutes. The proposed scheme can easily be applied to other ions with nuclear spin > 1/2.
 2003 Elsevier B.V. Open access under CC BY license.Experiments with polarized ion beams at storage
rings have become highly desirable in the last years.
For example, feasible experiments for the search
for space-parity [1] and space- and time-parity [2]
nonconservation effects have been proposed. In [1]
the use of helium-like Eu61+ ions with the total
electron moment equal to zero and polarized nuclei
was assumed. For the experiment in [2] bare (highly
charged) polarized nuclei are required. Both goals
can be achieved provided a polarized one-electron
ion beam is available. Due to the strong hyperfine
interaction in these ions (hyperfine splitting of the
order of 1 eV) the nuclei in these ions will be polarized
after about 10−15 s. Then by stripping the electron or
E-mail address: d.liesen@gsi.de (D. Liesen).0370-2693  2003 Elsevier B.V.
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Open access under CC BY license.by capturing a second one the beams necessary for the
experiments could be obtained.
The methods for polarization of electron and proton
beams are well developed by now and the projects
for polarized light-ion beams are also underway [3].
However, the polarization of highly-charged heavy ion
(HCI) beams is still problematic [4].
Radiative polarization of electrons due to the syn-
chrotron radiation was predicted theoretically in [5]
and applied to electron–positron beams in Novosi-
birsk (see reviews [6,7] and the references therein
concerning also the theoretical development). To sta-
bilize the beam polarization and to minimize the depo-
larization effects, special magnetic devices (“Siberian
Snakes”) were introduced [7]. Later Siberian Snakes
were also used for the stabilization of polarized pro-
ton beams [8]. However, the synchrotron radiation is
negligible for heavy particles and this mechanism of
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argue that for highly charged heavy ions the radiative
polarization in the storage ring nevertheless is possi-
ble. The reason for this is that hydrogenlike heavy ions
unlike protons and bare nuclei possess a large mag-
netic moment and a hyperfine structure.
According to [9] the polarization is built up by spin-
flip transitions between the Zeeman sublevels of the
particle in a magnetic field. In the rest frame of the
particle (denoted by (0)) the transition probability is
given by [9]
(1)W(0)↑↓ =
4
3h¯c3
∣∣〈↑| 	µ|↓〉∣∣2ω3(0) = 643h¯4c3 |µ0|
5H 3(0),
where 	µ = µ0	s, 	s is the spin operator, µ0 is the
Bohr magneton, ω(0) = 2µ0H(0)/h¯ is the transition
frequency and H(0) is the magnetic field. In the lab
system one obtains with the transformation H(0) =
γH for the transverse magnetic field and W(0)↑↓ =
γW↑↓ for the transition probability
(2)W↑↓ = 643h¯4c3 |µ0|
5H 3γ 2 = T −1,
where γ = (1 − v2
c2
)−1/2 and T is the characteristic
building-up time of the polarization.
The same formula has been obtained by a consid-
eration of the polarization kinetics of charged parti-
cles with an arbitrary spin and magnetic moment mov-
ing in a magnetic field [6,7]. For the projected values
γ = 23 and H = 6 T of the planned future GSI facili-
ties [10] one obtains from Eq. (2) a building-up time of
T ∼ 103 h. Though many orders of magnitude smaller
than for protons, this number is in practice by far too
large.
Looking at Eq. (1) one can see that there is
a way to enhance the spin-flip probability W for
highly charged ions. Unlike the elementary particles
(electrons, protons, etc.) the HCI possess excited states
(electronic, hyperfine) and using radiative transitions
between the Zeeman sublevels of the excited and
ground hyperfine states we can greatly enlarge the
value of ω.
In this Letter we will exploit the idea of the
selective laser excitation of the hyperfine sublevels
of the H -like 15163Eu ion with a nuclear spin I = 52
leading to ground-state hyperfine levels with F = 2
and F ′ = 3. The schematic picture of the ground andFig. 1. Schematic picture of the Zeeman splitting of the hyperfine
sublevels of the ground electronic state for a H -like 15163 Eu ion.
The solid vertical lines denote M1 transitions at the laser frequency
ω=Ehfs + 2µ0H . The dashed lines show the decay channels for
the different Zeeman sublevels.
excited hyperfine sublevels for the ground electronic
state in an external magnetic field is shown in Fig 1. It
is assumed that the Zeeman splitting can be resolved
experimentally, which however is not essential for our
proposed scheme.
The excitation to the 1s1/2F ′ = 3 state is performed
by a laser with the frequency ω = Ehfs + 2µ0H ,
where Ehfs = 1.513(4) eV is the hyperfine splitting,
including the Bohr–Weisskopf correction and radiative
corrections (see [11]), and 2µ0H is the Zeeman split-
ting in the magnetic field H . The excitation picture is
shown in Fig. 1. The transition probabilities between
the ground and excited states are essentially defined by
the M1 transitions. Then elementary evaluations yield
W(FMF → F ′M ′F )
=W(F ′M ′F → FMF )
(3)=A
(
F ′ F 1
−M ′F MF M ′F −MF
)2
,
where A is independent of MF ,M ′F . The selective
excitation of the 1s1/2 F ′ = 3 magnetic sublevels leads
to the polarization of the 1s1/2 F ′ = 3 state. The decay
of the excited sublevels to the 1s1/2 F = 2 ground state
with M ′F − MF = 0, ±1 polarizes also the ground
state. The population of the magnetic sublevels of
the F = 2 state is shifted towards increasing values
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evaluation of the M1 1s1/2 F ′ = 3 → 1s1/2 F = 2
transition probability according to Eq. (1) yields a
lifetime of 10.9 ms for the excited F ′ = 3 level.
Thus the equilibrium polarization for one laser shot
is achieved after 10.9 ms and the process of laser
excitation can be repeated, i.e., the laser should be
switched on after the decay time elapses.
In [12,13] the resonant laser excitation measure-
ments of the hfs in H -like 20782 Pb and
209
83 Bi ions were
performed. From the results of these measurements
it follows that during one laser pulse (∼ 50 ns) the
equilibrium between the excited and the ground hy-
perfine levels is established and the occupation num-
bers for the ground and excited states are equal. In
the following calculation we consider a scenario sim-
ilar to the one in [13], namely a laser beam with a
wavelength around 800 nm travelling parallel to the
bunched, cooled ion beam.
The population numbers for the excited sublevels
n
(i)
F ′M ′F
in the ith “cycle” according to Fig. 1 are
(4)n(i)
F ′M ′F
= 1
2
n
(i−1)
FMF
δM ′F ,MF+1,
where n(i−1)FMF are the population numbers for the
ground sublevels in the (i − 1)th “cycle”. The initial
distribution n(0)FMF is determined by the conditions
of the beam preparation; we will see, however, that
the final result depends only very weakly on these
conditions.
The population of the ground state magnetic sub-
levels in ith “cycle” will be
(5)
n
(i)
FMF
=
∑
M ′F=MF ,MF±1
W(F ′,M ′F → F,MF )
Γ (F ′,M ′F )
n
(i)
F ′,M ′F
.
Here W is defined by Eq. (3) and Γ (F ′M ′F ) =∑
MF
W(F ′,M ′F → F,MF ) is the total width of the
excited sublevel F ′M ′F . Inserting the values of the 3j -
symbols from Eq. (3) in Eq. (5) and using Eq. (4)
we obtain the recurrence relations between n(i)FMF and
n
(i−1)
FMF
that can be used for the numerical evaluations.
We define the degree of polarization of the beam in
the state 1s1/2F after the ith cycle as
(6)λ(i)F =
1
F
∑
M
n
(i)
F,MF
MFFFig. 2. The degree of polarization λ after N cycles (fat line).
Uniform population of the initial states is assumed. The thin lines
describe the behavior of the populations nFMF . It shows that
exclusively the n2,2 sublevel is populated after 40 cycles.
with the normalization condition
∑
MF
n
(i)
FMF
= 1. For
nonpolarized ions nF,MF = 12F+1 and λF = 0. The
maximal polarization is achieved when nF,F = 1. In
this case λF = 1.
The polarization state of an ion in an ensemble of
ions (beam) is described by the density matrix. In the
“natural” representation [14] this matrix takes the form
(7)ρF =
∑
MF
nFMF ψ
∗
FMF
ψFMF .
The numerical evaluations give the following re-
sults (see Fig. 2). With the uniform initial popula-
tion n(0)FMF = const the first cycle gives λ
(1)
F = 0.1667.
After 40 cycles the polarization becomes λ(40)F =
0.9993. Actually the same result was obtained for the
case of the opposite initial polarization (n(0)F,−F = 1).
Then λ(1)F = −0.6667 and λ(40)F = 0.9986. Thus the
building-up time for the “degree” of polarization at
the level λ = 0.999 equals the time of 40 “cycles”
≈ 0.44 s.
Choosing another selective excitation:ω =Ehfs−
2µ0H we would obtain the polarization λ = −1
within the same time interval.
Unlike the situation in [12,13] we assume that the
magnetic field is oriented longitudinally (along the
beam direction). Such a longitudinal and homoge-
neous field with a strength of some tenth of a T is
provided in storage rings with electron cooling by the
cooler magnet. Since the quantization axis of the laser
is parallel to the ion motion one can use circularly po-
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in Fig. 1.
The most severe problem of our scheme is the
possible depolarization in the fringe fields of the
transverse bending dipole magnets and of the solenoid
(cooler magnet). The polarization will not be spoiled,
if the process of changing the direction of a magnetic
field in the rest frame of an ion is adiabatic, i.e., if
the rearranging time τZeeman of the Zeeman structure is
shorter than the time τfield of an essential change of the
magnetic field. In this case, the population of Zeeman
sublevels corresponding to the “new” quantization
axis will remain the same as for the “old” axis after the
rotation of the spin. In changing the spin direction no
kinds of spin precessions like Thomas precession are
involved; thus, these precessions can be disregarded.
Then the transition process also will remain the
same and our conclusion about 100% polarization dur-
ing 0.44 s holds. As an example, the fringe fields of
dipole magnets in the GSI storage ring ESR drop like
H0e−λDx for the dipole magnets and like H0e−λQx
for the quadrupoles, where λD = 0.159 cm−1 and
λQ = 0.107 cm−1 [15]. In the rest frame of the ion this
results in the time-dependent field H(t)=H0e−λvt ,
where v is the beam velocity. Defining τfield as
τ−1field = |〈 1H dHdt 〉| where the brackets mean the time av-
erage we obtain at the beam velocity v = 0.3 c the
value τfield = 0.63 × 10−9 s for the dipole magnets.
The time τZeeman is obtained from the size of Zeeman
splitting 2µ0H . Setting H = 1 T for the bending mag-
nets, we get 1.08 × 10−4 eV for the splitting, where
the relativistic correction for the bound electron mag-
netic moment has been taken into account [16]. From
this value follows τZeeman = 0.38 × 10−10 s. Hence,
the adiabaticity parameter aad = τZeeman/τfield ≈ 0.06.
The parameter aad for quadrupole magnets is even
smaller. With this accuracy our results should hold for
the transverse fields in the ESR.
The situation is better for the fringe fields of the
solenoid. On axis the fringe fields drop like H(x) =
H0(1−λSx) where λS = 0.0035 cm−1. From the field
strength H0 = 0.18 T we obtain in the same manner
as before an adiabaticity parameter aad = 1.3× 10−3.
It should be noted that this parameter can be reduced
by inserting magnets with stronger longitudinal fields
into the ring or by decreasing the particle velocity.
In the field-free sections of the ring the popula-
tion of the magnetic substates will not be changed dueto the absence of any mixing (“shake-off”) interac-
tions. The depolarization during the storage was in-
vestigated thoroughly for electron beams [6,7]. The
time-dependent forces acting on the charged particle
moving with acceleration through the complicated
magnetic system may have Fourier-components which
are in resonance with the Zeeman splitting. Then de-
polarizing transitions between Zeeman sublevels can
occur. For the HCI, unlike the electrons this mech-
anism should be less dangerous since the HCI are
not accelerated in the ring and the probability of hit-
ting the resonance is much smaller. The depolarization
due to the nonadiabaticity is generally caused by the
time fluctuating fields experienced by the ions. In the
most probable case, where these fields are distributed
stochastically, the depolarizing influence of the fluc-
tuations will drop with the number of cycles. If the
fluctuating fields are strictly periodic in the ion rest-
frame—which seems to be rather unlikely—the depo-
larization will grow up. This question requires careful
further investigations.
We would like to emphasize that the radiative
polarization is insensitive to the value of the g-factor
of the bound electron and hence to the different
rotation frequencies of the spin and of the momentum
vector of the ion in the lab system. The g-factor enters
only in the size of the Zeeman splitting and of the
magnetic transition probability between the hyperfine
sublevels. For the polarization only the difference in
the population of the magnetic sublevels is essential,
and this difference arises for any value of g.
Our final goal is the nuclear polarization in the
metastable 2 3P0, 2 1S0 states of He-like ions [1].
Therefore we should first investigate the nuclear polar-
ization in one-electron ions. Provided that we have the
fully polarized F = 2 ground state (nF,F = 1) and us-
ing the relation MF =MI +MJ = 2 where I , MI and
J , MJ are the nuclear and electron moments and their
projections, we arrive at two possibilities: MI = 5/2,
MJ = −1/2 and MI = 3/2, MJ = 1/2. Inserting in
Eq. (7) the Clebsch–Gordan expansion for the wave-
function ψFMF =
∑
MIMJ
CIJFMF (MIMJ )ψIMI ψJMJ
and defining the ρ-matrix ρI as ρI = 〈ρF 〉el where
〈ρF 〉el means the integration over the electron vari-
ables, we obtain for ρI the expression
(8)ρI =
∑
MI
nIMI ψ
∗
IMI
ψIMI ,
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∑
MJMF
nFMF (C
IJ
FMF
(MIMJ ))
2
. In
our case n5/2,5/2 = 5/6, n5/2,3/2 = 1/6. The definition
of the nuclear polarization similar to Eq. (6)
(9)λI = 1
I
∑
MI
nI,MIMI
and insertion of the nIMI values yields λI = 93%.
The probability of changing the nuclear polariza-
tion during the capture of the second electron is pro-
portional to the ratio (VHFS/VCoul)2, where VHFS is the
hyperfine interaction and VCoul is the Coulomb inter-
action. This ratio is of order ( m
MN
)2(αZ)4 where MN
is the nuclear mass. For Z = 63 this gives 10−12 what
means that the nuclear polarization remains untouched
during the capture.
The laser pumping with polarized light in the
2s 2S1/2–2p 2P1/2 transition in atomic 11Li beam was
used in [17] for the nuclear polarization and a 20%
polarization was achieved. Our scheme differs essen-
tially from [17] and presents the first realistic proposal
and detailed analysis for HCI polarization.
The key problem remains the control, i.e., measure-
ment of the polarization. In case of two-electron ions
in 2 3P0 state the hyperfine quenching (HFQ) process
can be used for this purpose. The measurements of
HFQ decay of 2 3P0 state were performed in [18–20]
in the last decades. HFQ process corresponds to the
transition 2 3P0 + ηhfs 2 3P1 → 1 1S0 where ηhfs de-
fines the admixture of 2 3P1 state to 2 3P0 state by
the hyperfine interaction. A detailed calculation of this
process will be published elsewhere. Here we present
only a preliminary result: W = apolW0, where W is
the radiative transition probability, W0 is the probabil-
ity for the unpolarized ions and
(10)apol = 3
∑
MI
nIMI
(
I I 1
MI −MI 0
)2
.
For the case λI = 93% we obtain apol = 0.318, i.e., the
decay probability of the 2 3P0 level becomes nearly 3
times smaller.
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